ABSTRACT. An in situ ultrasonic angle beam method has been developed to detect and size fatigue cracks emanating from fastener holes. The method employs transducers mounted in a pitch-catch configuration on each side of the hole, and the modulation of received signals with load is used to detect and size small fatigue cracks. The focus of this paper is the monitoring of a series of critical fastener holes during a full scale fatigue test of an aircraft wing. Essential to the success of this method is the ability to use the same ultrasonic signal as is used for crack monitoring to estimate the instantaneous load. The applied load causes a time shift in ultrasonic echo arrivals resulting from both dimensional changes and the acoustoelastic effect. Waveforms are recorded randomly during fatiguing, and the dynamically applied load associated with each waveform is estimated from the measured time shift. Additionally, small cracks near the hole open and close during fatigue loading, causing a modulation of the amplitude of the received signals with load. The amount of energy reduction as a function of load is analyzed to estimate the cumulative area of cracks near the fastener hole. The load monitoring capability of the ultrasonic method is also valuable for quantitatively assessing the degree of local loading experienced by a specific fastener hole, which may not be possible with strain gauges. The wing panel test reported here took place over about seven weeks with near real time reporting of results, which has demonstrated the robustness of the ultrasonic method and its ability to both detect cracks and monitor their growth.
INTRODUCTION
The work reported here was performed as part of the sensors thrust area of the DARPA Structural Integrity Prognosis System (SIPS) program [1] . The overall objective of the SIPS program has been to develop a prognostic system to provide military commanders with data and analysis tools from which quantitative performance predictions can be made about individual combat systems. The goal is to be able to predict the nearterm health of combat systems, including the probability of imminent failure, without the need for any inspection or maintenance action. A necessary part of this program is the use of on-board sensors to provide an "awareness" of the state of the structure in terms of the presence of defects and their location and size. Ideally, sensors would be permanently attached to the structure, and comparison of data between interrogations would be used to track the onset and progression of damage, providing a real-time assessment of the state of the structure from which life prediction could be made.
One aspect of the SIPS program has been to develop and demonstrate effectiveness of a sensor system for detecting and sizing cracks emanating from fastener holes in 7075-T651 aluminum during metal fatigue. The problem of detecting cracks emanating from fastener holes in a structure is well known, and the accepted nondestructive testing method is to use an external angle beam transducer or transducer array to interrogate the region of expected cracking [2, 3] . Articulation or scanning of the transducer or array is necessary to discriminate crack signals from hole reflections.
Actual cracks in a structure typically open and close with applied load changes, and it is well known that closed cracks are much more difficult to detect than open cracks. Thus, applying an external tensile load to open cracks improves their ability to be detected, and such loads also result from typical flight profiles. The angle beam method developed for the SIPS program utilizes this load-dependent behavior. The ultrasonic method is reviewed here, and additional details may be found in [4] and [5] .
ULTRASONIC METHOD
Detection of small fatigue cracks originating from fastener holes is a very challenging problem, even for inspections where ultrasonic transducers can be articulated to optimize the response from a crack, and it is difficult to detect cracks smaller than about 1 mm in length. The in situ environment presents additional challenges, the most serious one being that the transducers cannot be moved to optimize the response to cracks of different shapes, locations and orientations.
For the SIPS program, an ultrasonic method was developed utilizing 10 MHz, 70° shear wave angle beam transducers mounted on either side of a fastener hole as shown in Figure 1 . Two different configurations were used, one with a single transmitter and single receiver, and the other with a single transmitter and dual receiver. Transducers were chosen such that the incident wave had sufficient beam spread to generate both single and double skip refracted shear wave V paths. The fastener hole blocks the direct arrival to the receivers, but a portion of the incident wave energy is diffracted around the edge of the hole to the receivers. For the case of a fastener hole with a counterbore and countersink, distinct arrivals from these diffracted waves can be seen that correspond to a single V echo reflecting from the bottom surface and two double V echoes reflecting from the counterbore and the top surface as shown in Figure 2 . A crack at either the 6:00 or 12:00 position, as illustrated in Figure 1 , blocks these diffracted wave components, especially when the crack is fully opened under load. Specifically, as cracks initiate and grow, the primary effect is for the cracks to partially block diffracted wave components from reaching the receivers, particularly as they open under load, and this effect is visible on the waveforms shown in Figure 2 . The secondary effect is a time shift caused by both dimensional changes (strains) and wave speed changes (acoustoelastic effect). The time shift, although present in Figure 2 , is small (typically 40-80 ns) and not evident from a visual comparison of waveforms. However, it can readily be measured from the cross correlation of the recorded signals. Both static and dynamic data sets were recorded during the fatigue test. For the static data the test was paused and static loads were applied to the wing, and waveforms were recorded at load steps from no load to the max load applied during the fatigue test. Static data sets were recorded typically twice a day during the seven week test. Dynamic data sets were recorded more often, typically four to five times per day.
The static data sets provided a means of relating small time shifts of wave arrivals at the receivers to applied loads. This time shift is caused by load induced geometry effects and the acoustoelastic effect [4] . Dynamic data sets were recorded during the loading process without stopping the fatiguing, and calibration curves obtained from the static loading measurements were used to assign an effective load value to each waveform recorded. Next, an energy value L E was calculated from each dynamic waveform,
where L is the load and W TTU is a time window that includes wave components from the bottom surface and counterbore of the fastener hole. The fatigue loading spectrum simulated the range of actual flight loads [1] , and dynamic measurements were recorded asynchronously with the loading over a time interval of about 10 minutes, which was sufficiently long to capture a representative set of loads. Figure 3 (a) shows data sets from one hole plotted as multiple energy versus load curves where each curve is calculated from a set of 50 waveforms. These curves are typically linear for the no-damage condition, but separate and bend down when damage is present and cracks open under load. Figure 3(b) shows energy versus cycles for both the no load and reference load cases; the reference load is 50% of the peak load used during fatiguing.
A normalized energy ratio is calculated as the ratio of the energy at the reference load to the energy at no load, and is normalized to the initial no-damage case. This energy ratio drops as cracking occurs during fatiguing, and Figure 3 (c) shows a typical curve of normalized energy ratio versus cycles (after processing and smoothing [6, 7] ). Then, as shown in Figure 3(d) , the total crack area is estimated using a calibration curve developed from laboratory coupon testing [6] . The detection threshold is about 0.14 mm 2 for the dual receiver and 0.28 mm 2 for the single receiver.
ULTRASONIC RESULTS
During the SIPS Phase II program, two complete wing panels were tested. Results from the first test are reported in [7] , and results from the second test are reported here. Figure 4 illustrates the loading method and the approximate location of a row of fasteners. Four fastener holes were monitored with the dual receiver configuration (holes 14, 19, 20 and 25), and the single receiver configuration was used for hole 27. Thus, for all monitored holes except 27, crack areas were estimated independently for each side of the hole. Crack sizes were estimated in near real time during the fatigue test, and Figure 5 shows the processed energy ratio curves and estimated crack sizes for the five cases for which cracking was detected. Additional insight can be gained by examining the curves of energy versus cycles shown in Figure 6 at both zero load and the reference load. The absolute waveform energy could vary during the test for a variety of reasons: (1) changes in surface conditions near the hole, (2) contact condition changes between the hole and the fastener, (3) changes in the coupling of the transducers to the part, and (4) perturbations caused by other sensor systems mounted near the holes being monitored. Even with these possible variations, the curves of Figure 6 show positive evidence of cracking when it occurs by a decrease in the reference load curve relative to the no load curve.
A drop in the magnitude of the reference load curve relative to the no load curve is most pronounced for hole 25 aft as seen in Figure 6 (f). Holes 14 aft, 19 forward and 27 (both sides) all show a smaller drop later in the fatigue life as compared to hole 25 aft. None of the other reference load curves (14 forward, 19 aft and 25 forward) shown in Figure 6 exhibit such a drop during the fatigue life. However, based upon the processed energy ratio curve, hole 14 forward did show evidence of cracking, but the review of the energy versus cycles curves of Figure 6 (a) clearly shows that this was a false positive since the no load and reference load curves do not further separate with subsequent fatigue cycles. Also, the degree of separation at the right end of the curve is about the same as near the beginning of the test. It should further be noted that the bonding of the transducers to the wing for hole 14 appeared questionable based upon the observed energy variations seen in Figure 6 (a) for hole 14 forward. Thus, at the time of the test, we placed a higher uncertainty on the hole 14 estimates compared to all the others. In summary, based on data shown in Figures 5 and  6 , cracks were detected for hole 14 aft, hole 19 forward, hole 25 aft, and hole 27. Cracks were not detected for hole 14 forward, hold 19 aft, or hole 25 forward. It is not possible to separate the cracking for the forward and aft sides of hole 27 because this hole was instrumented with the single receiver configuration. The fatigue test was terminated after 123,299 load cycles when cracks had been detected at some of the fastener holes but before any physical evidence of cracking was visible on the surface of the panel near any of the holes. A conventional NDE ultrasonic inspection was performed on each of the holes to determine if cracking had occurred and to estimate crack sizes. Samples were then cut from several of the holes that showed evidence of cracking. Fasteners were removed and the ID surfaces of the holes were examined to determine the extent of cracking. Next, samples were fractured at the location of the cracks and scanning electron microscope images of the bore and fracture surfaces were used to determine actual crack sizes as shown in Figure 7 for the AFT side of hole 25.
Measurement results for all of the holes are summarized in Table 1 . Except for hole 14, where one or both of the sensors may have been partially debonded, there were no false positives. All cracks larger than the detection threshold were detected and approximately sized, but the size estimates were lower than the measured crack sizes for all of the holes except for 27. It should be noted that the crack size calibration curves were developed for open holes since data were not available for the actual geometry of a wing with fasteners in the holes. Thus, it is reasonable to expect that the size estimates would be on the low side since, when a fastener fills the hole, some wave energy could be shunted through the fastener to the receiver, reducing the extent of the drop normally observed in the energy ratio when the crack is opened under load. 
SUMMARY AND CONCLUSIONS
An in situ ultrasonic method was developed to detect and size cracks emanating from fastener holes during Phase I of the DARPA Structural Integrity Prognosis System (SIPS) Program. In addition to detecting cracks and estimating their sizes, the technique also provides a real-time measurement of the effective dynamic load along the wave path during fatiguing. This method was deployed during a full scale fatigue test of an aircraft wing panel during Phase II of the SIPS program to monitor several fastener holes at known "hot spots" along a rib. The test was conducted over approximately seven weeks, and was stopped when multiple sensor systems gave positive evidence of cracking at several of the holes, but before any cracks were observed on exposed surfaces near the holes.
This ultrasonic method successfully detected all cracks that were larger than the method's detection threshold for the fastener holes that were instrumented. However, size estimates were generally on the low side, and this was due to use of a calibration curve which was developed using coupons with open fastener holes. There was one false positive at the time of the test, possibly due to sensor debonding, although a later more complete analysis of the ultrasonic data confirmed the destructive results that showed there was not a crack present.
